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ABSTRACT 
 
This paper presents long-term results and microscopic analyses for a six-year experimental 
study on the effectiveness of lithium nitrate in mitigating delayed ettringite formation (DEF) 
with or without alkali-silica reaction (ASR). In the previous publication [1], interesting 
findings were found showing that lithium nitrate is effective in controlling DEF or ASR-DEF 
mechanisms in concretes.  
In the present study, microstructural features associated with microcracking and ettringite 
infilling showed relatively reduced intensity of internal distress and damage when lithium 
nitrate was admixed in DEF expansive concrete. Microanalysis done using plots of Al/Ca and 
S/Ca shows that, the use of lithium nitrate leads to formation of non-expansive ettringite 
similar to normal early-age ettringite formed in moist-cured concretes. These observations 
give some insights into the mechanism responsible for mitigation of DEF by lithium nitrate. 
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1. Introduction 
 
1.1 Background 
Both mechanisms of delayed ettringite formation (DEF) and alkali silica reaction (ASR) 
can cause severe degradation and consequent reduction of the service life of concrete 
structures. ASR is a widely known deterioration process with long-running scientific 
conferences dedicated to its research and practice, having been first scientifically reported in 
1927 by Stanton. DEF, however, is a relatively new deterioration process which became 
noticed in the late 1980’s and its research has been intensified since the 1990s. This relatively 
recent phenomenon occurs when cementitious systems are exposed to elevated curing 
temperatures in excess of 70oC. DEF is known to occur mainly with use of some Portland 
cements containing high C3A and alkali contents, such as those commonly employed in 
precast concrete for rapid development of high early strength.  
But it is the co-existence of ASR and DEF which appears to have drawn major interest 
relating to various cases of damage observed in real life concrete structures as discussed in 
[1,2] and in laboratory investigations [3-5]. There is consensus that when both mechanisms 
co-exist, ASR occurs earlier and may serve to accelerate DEF onset by removal of sodium 
and potassium alkalis from the pore solution. It has also been promoted that DEF may occur 
prior to ASR [6,7]. Either way, it appears that lithium nitrate may potentially be capable of 
mitigating both mechanisms as reported in [1].  
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1.2 Use of lithium salts in cementitious systems  
Lithium salts have for long been established as effective compounds for prevention of 
ASR in concrete, following early findings by McCoy and Caldwell [8]. Since then, various 
studies have been conducted towards understanding the effects of different types of lithium 
salts, appropriate dosages and mechanism(s). Lithium salts are naturally occurring minerals 
in forms of petalite, spodumene, lepidolite, amblygonite, brines, encryptite [9]. 
In the literature, a wide range of different types of salts have been tested including Li(OH), 
LiCl, LiFl, LiNO3, LiCO3, LiSO4 [9-12].  Kawamura and Fuwa [13] reported that dosages of 
0.75 M Li+ gave optimum amounts for suppression of ASR by LiOH or LiCO3. Addition of 
less amounts of these lithium salts led to increase in expansion. They also observed that the 
CaO/SiO2 ratio in ASR gel decreased. Lumley [9] concluded that using simply 50% of 
lithium salt had no significant influence on ASR and underscored that it is necessary to 
always incorporate into the mixture, a correct full dosage of the salt, for it to be effective in 
mitigating ASR. Although, it has been established that the efficacy of lithium is somehow 
dependent on ASR reactivity of aggregates, being more effective for highly reactive 
aggregates than in less reactive ones, it is generally accepted that a dosage of Li/(Na+K) of 
>0.6 is required to inhibit ASR [10,14,15]. For LiNO3, the Li/Na+K ratio of 0.74 appears to 
be quite established for effective mitigation of ASR [14,16].    
Over the past 60 years, various researches have been conducted on lithium salts but its 
mechanism for ASR mitigation remains not fully understood and has been a subject of 
intense recent research [14,17]. Among the different mechanisms proposed in the literature, 
two of the foremost processes relate to: (1) Ability of lithium to replace calcium in ASR gel 
in preference to sodium and potassium ions. (2) Formation of protective barrier surrounding 
the ASR gel and in turn reduce affinity and absorption of water which promotes gel swelling. 
There are contradictions found in the literature regarding the mechanism of lithium salts. 
Feng et al. [17] attributed the effectiveness of lithium to formation of lithium bearing ASR 
gel, intimately mixed with Li2SiO3 crystals surrounding the reactive aggregate phase. These 
crystals prevent further ingress of sodium and potassium alkalis into the reactive aggregate. 
However, Leemann et al. [14] found no evidence of Li2SiO3 formation in his study conducted 
using mortars and argues that lithium silicate is unlikely to form under normal dosages of 
Li/Na+K < 1.0. The differences in these findings may be related to set up of the experiments. 
In Feng et al’s [17] study, reactive aggregates were immersed in lithium salt solutions, which 
ensured that there was excessive availability of lithium ions in solution. This set up leads to 
stability conditions that can be different from those for typical experiments done using 
mortars or concretes, such as conducted by Leeman et al. [14], in which lithium salt is 
admixed at limited dosages. However, Leeman et al. [14] also found that dense lithium-
bearing ASR gels formed, which leads to two process: Firstly, the replacement of Ca in ASR 
gel by Li ion is also associated with decrease in bound Na and K in the gel product. These 
two alkalis contain OH bonds with water molecules, and are capable of chemically binding 
large quantities of water within the gel. These alkalis are responsible for the high affinity of 
the gel for water. With reduction of these alkalis in the gel containing lithium, the reaction 
product has lower affinity for water leading to lower expansion. Studies by Leeman et al. [14] 
also reported that lithium-bearing ASR gels exhibited denser microstructure surrounding the 
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inner core of normal expansive porous gel. It therefore appears that lithium transforms the 
normal porous gel into a dense reaction product, especially at outer regions of the reactive 
aggregate. The dense lithium-bearing gel in turn prevents ingress of Na, K, and water into the 
expansive gel. Accordingly, the dense lithium bearing ASR gel is non-expansive. Their 
findings were supported by NMR studies which showed reduction in the number of Q3 sites, 
upon incorporation of lithium. It is shown in the literature [18,19] that expansive gels are 
typically characterized by large presence of Q3 sites. Accordingly, decrease in the number of 
Q3 sites indicates the formation of non-expansive gel product. Similar findings were reported 
by Schneider et al. [20], asserting the presence of lithium bearing gels based on evidence 
from Fourier Transform Infrared Spectrometer (FTIR) and Nuclear Magnetic Resonance 
Spectroscopy (NMR) studies. 
Studies have shown that during cement hydration, i.e where a large amount of calcium is 
present, there is preferential sorption of lithium by CSH over sodium or potassium [14,21]. 
Berube´ et al. [16] reported that the amount of lithium left in pore solution after hydration, 
was about 35% of the original quantity compared to 55% and 80% for sodium and potassium 
respectively. Kim and Olek [22] also concluded that about 50% of lithium initially added into 
a cementitious mixture is not available in the pore solution after cement hydration and is 
incorporated into cement hydrates. 
Lithium, with its ionic radius 0.76 Å, is smaller than sodium and potassium ions which 
have radii of 1.02 Å and 1.38 Å respectively. It is known that lithium ions are more easily 
adsorbed into CSH and may rapidly navigate through the tortous nano-pore structure of the 
silicate hydrate, relative to the other alkalis. This occurs under normal curing conditions. 
Calcium has ionic radius of 0.99 Å which is also larger than that of lithium. The calcium in 
the ASR gel product can be replaced by lithium. Leemann et al. [14] indicated that the ionic 
sizes of hydrated lithium and of calcium are similar, which enables replacement of the Ca in 
CSH by Li ions. 
Owing to the small dosages of lithium salts used for mitigation of ASR in cementitious 
systems, these admixtures are typically considered to exhibit negligible effects upon concrete 
properties and mechanical characteristics. Millard and Kurtis [23] admixed LiNO3 into 
cement pastes at dosage levels of up to four times the recommended level of Li/Na+K = 0.74. 
They reported that use of the lithium salt promoted rapid cement hydration, which can have 
retrogressive effect on long-term mechanical properties. Adverse effects of lithium salt 
admixture on strength becomes noticeable when its dosage is twice the recommended levels, 
while chemical shrinkage becomes significant at four times the normal dosage levels [24]. 
       
1.3 Study objectives 
The objectives of this paper were to present long-term experimental observations and 
conduct microscopic examination relating to the potential use of lithium for mitigation of 
DEF which may or may not be in co-existence with ASR. In an earlier paper [1], medium-
term experimental results that had been generated over one-year period were presented, 
showing that LiNO3 is effective in mitigating DEF and ASR-DEF in cementitious systems. 
Later studies by other researches [25] have indicated similar findings as reported in [1]. The 
present paper extends the earlier results of [1], and presents long-term experimental 
observations monitored over a six-year period. In addition, microscopic examination of the 
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concrete samples is conducted to study the underlying processes relating to the long-term 
experimental observations obtained.   
 
 
2. Experimental 
 
2.1 Mixtures 
Description of materials and methods used in the experiments is already given in [1]. It 
should be distinguished that while the earlier work presented experimental findings 
comprising heat-cured mortar and concrete mixtures, the current work is limited to long-term 
investigations based on concrete mixtures. Accordingly, only the relevant experimental 
methods and tests done on these concrete mixtures are repeated here. 
Concrete mixtures of about 40 MPa cylinder strength, were prepared at water/cement 
(w/c) of 0.45 and cement content of 335 kg/m3, as shown in Table 1 which gives mix design 
of the concrete. Coarse aggregates of 10 mm size were used in the mixtures, considering that 
these mixes were used to cast prisms of size 75 x 75 x 285 mm. 
 
 2.2 Materials and methods 
The materials used in the present study consisted of specific types of cement and 
aggregates, whose major roles were to generate DEF and ASR damage mechanisms. The 
Type 30 Portland cement used in the study was known to be susceptible to DEF upon 
exposure of mixtures to elevated temperature curing, due to its high early strength, high alkali 
and C3A contents. Both, the reactive and non-reactive types of aggregates were used in the 
concrete mixtures. Limestone coarse and fine aggregates were used to prepare mixtures that 
had no ASR expansion, while Placitas coarse aggregates and limestone fine aggregates were 
used in other mixtures that were intended to develop ASR expansion. The Placitas aggregate 
from Albuquerque, New Mexico, USA contains a highly reactive volcanic glass material. 
Accordingly, the ASR expansion in the concrete mixtures resulted from these coarse 
aggregate, without contribution from fine aggregates which consisted of limestone sand. 
Table 2 gives the aggregate types, curing and storage conditions employed.  
As indicated in Table 2, prism samples 75 x 75 x 285 mm were prepared from concrete 
mixtures and moist-cured at 23oC or heat-cured at 95oC, according to an 18-hour curing cycle 
described in [1,26]. Considering that non-ASR reactive mixtures made using limestone 
aggregates only generate DEF, these samples were stored under water following completion 
of heat treatment. However, ASR reactive samples which contained Placitas aggregates were 
stored over water at 38oC according to test method ASTM C 1293. The reason for storing the 
ASR reactive samples above water rather than immersion under water, was to avoid leaching 
out of alkalis from concrete, which would consequently deplete ASR reaction.  
The non-reactive concrete prisms were designated LS/230ftw, LS/950ftw, LSlx/950ftw 
representing mixtures made using limestone (LS) aggregates and cured at 23 or 95oC. The 
latter two mixtures cured at 95oC were anticipated to produce DEF. So, in the experimental 
set up, lithium nitrate LiNO3 (lx) was added into the mixture LSlx/950ftw to evaluate its 
influence upon DEF. ASR reactive mixtures comprised the samples designated 
NMLS/23ovw, NMLS/95ovw, NMLSlx/95ovw. These mixtures contained the highly reactive 
5 
 
Placitas (NM) coarse aggregate and were cured at 23 or 95oC. Accordingly, mixtures 
NMLS/95ovw and NMLSlx/95ovw were expected to develop both DEF and ASR 
mechanisms. LiNO3 was used in the mixture NMLSlx/95ovw to potentially control both 
damage processes. The LiNO3 was incorporated into the mixtures at molar ratio of 0.74 Li to 
cement alkalis (Na+K) which is known to be sufficient for control of ASR. Table 2 gives 
sample designations associated with the anticipated ASR or DEF mechanisms.  
The prisms were monitored for mass change and expansions at ages 14 days, every month 
for 6 months, then every two months for next 13 months followed by long-term 
measurements after 6 years. Mass change and expansions were was calculated using 
Equations (1) and (2) respectively: 
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Where Mo and Lo - initial mass and length of prism sample respectively, Mt and Lt -  mass 
and length of prism sample after time, t of storage. 
  
 
 
 
 
Table 1. Concrete mix design used (adapted from [26]) 
Portland 
cement  
(kg/m3) 
Water 
(kg/m3) 
Coarse 
aggregate 
(kg/m3) 
Fine 
aggregate 
(kg/m3) 
Air entrainer 
(mls/100kg) 
Water reducer 
(mls/100kg) 
Super-
plasticizer 
(mls/100kg) 
Slump  
(mm) 
28-day 
cylinder 
strength 
(MPa) 
335 150 895 895 50 313 150 155 39.6 
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Table 2.  Storage conditions and mechanisms (adapted from [26]) 
Concrete prisms, 75 x 75 x 285 mm of 0.45 w/c cured at 23 and/or 95oC 
Aggregates and lithium 
admixture 
Curing 
(oC) 
Storage  
conditions 
Anticipated  
mechanisms 
Sample Nos. 
 
Limestone coarse and fine 
aggregates 
23 
Immersed in water at 
23oC 
No ASR or DEF LS/230ftw 
95 as above DEF* LS/950ftw 
Limestone coarse and fine 
aggregates, added lithium 
nitrate agent 
95 as above DEF LSLX/950ftw 
Placitas coarse aggregate, 
limestone sand 
23 Over water at 38
oC 
(ASTM C 1293) 
ASR* NMLS/23ovw 
95 as above ASR, DEF NMLS/95 ovw 
Placitas coarse aggregate, 
limestone sand, added 
lithium nitrate agent 
95 as above ASR, DEF NMLSLX/95 ovw 
*DEF- delayed ettringite formation, ASR-alkali silica reaction 
 
    
3. Results  
 
3.1 Mass change  
Figures 1 and 2 give the changes in mass of concrete prism samples monitored. These 
results may be used to provide additional interpretation of observations in conjunction with 
expansion measurements. Both graphs indicate rapid gain in mass during the first two 
months. This early age mass increase is a result of water absorption as the partially saturated 
samples from steam curing, gained moisture to achieve full saturation. Generally, the non-
expansive concretes LS/23/oftw and NMLS/23/ovw had maximum mass gain of between 1.0 
to 1.3%. In these cases, it is seen that their graphs plateaued after the first two months, in 
contrast to expansive mixtures which developed a new stage of mass increase. In Figure 1, 
the sample LS/95/oftw indicated a new stage of mass increase from the 6th month onwards, 
which is a physical manifestation attributed to DEF yet between 2 to 6 months, there was no 
major mass change. In contrast, the ASR-DEF expansive concrete samples NMLS/95/ovw 
and NMLSlx/95/ovw, showed continuous mass increase after 2 months and beyond. It can be 
deduced, therefore, that ASR occurred at earlier stages before 6 months whereas DEF became 
evident from around 6 months onwards. 
Clearly, the DEF expansive mixtures containing LiNO3 i.e LSlx/95/oftw, showed no major 
mass increase and behaved similarly as the non-expansive mixture, LS/23/ovw. Also, the 
ASR-DEF expansive mixtures containing LiNO3 i.e NMLSlx/95/ovw, showed diminished 
mass increase relative to NMLS/95/ovw which gave the highest mass gain as a result of 
combined effect of both mechanisms in the absence of LiNO3. After 13 months, the mass 
gain in NMLSlx/95/ovw was 1.88% compared to 3.0% for NMLS/95/ovw.  The mass change 
graphs, also indicate that curves for the expansive mixtures LSlx/95/oftw and NMLS/95/ovw 
did not plateau after 13 months, suggesting likely further mass increase which required long-
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term monitoring. Although the relative trends in long-term results among the different 
mixtures would not be expected to change, it was considered quite interesting to assess 
whether the effectiveness of LiNO3 would remain consistent over the long-term. 
Accordingly, long-term expansion measurements were undertaken as discussed in the next 
section. 
 
3.2 Long-term expansion and physical observations 
In [1], the medium-term expansion results were presented, with the finding that LiNO3 
was effective in mitigating DEF, similar to the manner by which it controls ASR. However, 
these observations were based on short to medium term measurements. Long-term expansion 
results measured after six years of the experiment, have been acquired and graphs updated as 
given in Figures 3 and 4. It may be noted that the non-expansive sample LS/23/oftw had 0.03 
and 0.04% expansions at 6 months and 6 years respectively. Concrete mixtures tested based 
on ASTM C 1293 are considered ASR reactive when expansions exceed 0.05% after six 
months. This criteria is met by NMLS/23/ovw which gave 0.06% and 0.1% expansions at 6 
months and 6 years respectively.    
It is evident that LiNO3 remained effective in mitigating both DEF and ASR over the long-
term period of six years. The expansion in samples containing LiNO3 i.e LSlx/95/oftw and 
NMLSlx/95/ovw, remained diminished without further significant increase between year one 
and year 6. In contrast, the corresponding samples which had no admixed LiNO3 showed 
major increase in expansion over the same period. The sample LS/95/oftw exhibited a high 
increase in expansion from 0.93% at year 1 to 1.7% at year 6. It is seen that DEF expansion 
nearly doubled over the 5 - year period of monitoring. Meanwhile, NMLS/95/ovw showed a 
rather muted increase in expansion from 1.48% in year one to 1.62% in year 6. Clearly, the 
DEF expansion growth for LS/95/ovw of Figure 3 over the 6-year period, is greater than that 
exhibited in NMLS/95/ovw which contained both ASR and DEF. This observed behaviour of 
NMLS/95/ovw is attributed to mcrocracking effects induced by ASR at earlier ages of up to 6 
months, which provided more pore space for infilling by late ettringite formation, leading to 
lower ultimate expansion. In the converse, sample LS/95/ovw which presumably didn’t have 
early age microcracking had relatively less pore spaces to accommodate ettringite infilling. 
Accordingly, the expansive DEF formation which ensued in LS/95/ovw at later ages, was 
greater and relatively more rapid. Ekolu et al. [27] found that a certain level of early age 
microcracking had the effect of reducing ultimate DEF expansion.   
Considering the first 7 months of Figures 3 and 4, it is evident that there was generally 
negligible or no expansion in LS/95/oftw during this period yet NMLS/95/ovw showed 
correspondingly strong or steep expansion growth. It then becomes clear that ASR occurred 
earlier and prior to DEF, as discussed in Section 3.1. This observation is also in agreement 
with findings reported in the literature [4,5]. DEF really began to ensure after 6 months as 
seen in both Figures 1 and 3. It can be argued that the expansion observed in NMLS/95/ovw 
from 6 months onwards, can be attributed predominantly to DEF. It is likely that admixed 
LiNO3 may have been exhausted and used up during the early-age ASR reactions, leaving 
little or insufficient amount for DEF control. As mentioned earlier, the absence of expansion 
in LSlx/95/oftw confirms that LiNO3 can directly mitigate DEF. It can then be anticipated 
that a dosage of LiNO3, much greater than the molar ratio 0.74 cement to alkalis used in this 
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study, would be required to prevent expansion in the combined ASR-DEF concrete mixtures 
altogether. 
Microcracking is an important physical manifestation of DEF and ASR expansive 
mechanisms. At an advanced level, these microcracks grow and become visible to the human 
eye at 0.2 mm crack width. These meso-size cracks and larger cracks become physically seen 
at surface of concrete. Since the 6-year expansion was considered to be sufficiently 
representative of long-term behavior of the mixtures, the physical features of samples were 
compared with their expansive behavior. Accordingly, photos of the samples were compiled 
and matched against an arbitrary rating of their expansions, as shown in Figure 5. The 
samples NMLS/23/oftw, NMLS/95/oftw, NMLSlx/95/oftw which had been stored over water 
at 38oC in accordance with ASTM C 1293, show surface striations indicative of leaching of 
surface alkalis mainly Na, K, Ca ions. It can be assumed that the alkalis within the interior 
concrete were not leached out and participated in the expansive reactions. These features 
were not seen in the corresponding samples LS/23/oftw, LS/95/oftw, LSlx/95/oftw that were 
kept immersed under water throughout the experiment. In the latter, the surfaces of samples 
were clear and most surface alkalis are expected to have leached out. There were no obvious 
signs of surface microcracking observed in most samples except NMLS/95/oftw, which 
showed seemingly concealed features of surface cracks. 
  
3.3 Microscopic analysis 
Examination of the various concrete samples was done using the TESCAN VEGA3SEM, 
Scanning electron microscope (SEM) coupled with AZtec energy dispersive spectroscopy 
(EDS). Figure 6 shows a micrograph of non-expansive concrete made using limestone 
aggregates and was cured at normal temperatures and conditions. The normal early age 
ettringite can be seen infilling an air pore at the top left image, as confirmed by EDS at 
bottom of the figure. This ettringite formation is non-expansive; it typically occurs 
opportunistically, crystalizing in existing pore spaces or cracks. It is evident that there is good 
aggregate-paste bonding. In DEF expansive concrete (LS/95/0ftw) with no ASR and cured at 
95oC, there was intensely severe microcracking of the mortar matrix as shown in Figure 7. It 
is seen that aggregates are de-bonded from the mortar matrix at the interfacial transition zone 
(ITZ), forming a network of microcracks throughout the mortar. These microcracks are 
massively infilled by ettringite phase, confirmed by the EDS spectrum given. It may be 
observed that the acircular ettringite crystals are layered and oriented perpendicular to the 
crack walls, which indicates exertion of expansive crystal pressure. These observations are 
consistent with its high expansion of 1.7% observed after 6 years of monitoring (Figure 3). 
With incorporation of LiNO3 into the same concrete mixture of Figure 7, the new mixture 
sample LSlx/95/oftw is shown to be non-DEF expansive (Figure 3). Figure 8 top left 
microcraph shows massive ettringite infilling of an air pore, with some very small cracks 
radiating from the pore into the mortar. However, these minor signs of expansive pressure are 
highly diminished, allowing the mortar to remain largely undamaged and free of major 
microcracking, while maintaining good aggregate-paste bonding. Also, the top right 
micrograph of Figure 8 shows accumulations of ettringite which appear to be intermixed 
within the paste matrix. This massive ettringite accumulation is confirmed by EDS spectrum 
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given in the figure. No major microcracking is seen, implying absence of expansive pressure 
during formation of this ettringite phase. 
The micrographs of ASR concretes with or without DEF are given in Figures 9 to 11. 
Figure 9 is a micrograph of ASR reactive concrete that was cured at room temperature and 
had no DEF (NMLS/23/oftw). Microcracking of the reactive aggregate is evident at the top 
left image. Also microcracking of paste is seen in the top right image. Apparently, the 
expansion which resulted due to ASR formation was 0.08% after 6 years (Figure 4).  
However, when these concrete mixtures were subjected to DEF through heat treatment at 
95oC, very high expansion ensued which is responsible for the intense microcracking shown 
in Figure 10. It is seen that microcracks at the ITZ and within the past matrix were massively 
infilled. At the top left image of Figure 10, there is possible intermixture of ettringite infilling 
and ASR gel, formed within an existing diagonal microcrack and other pore spaces. The 
gel/ettringite intermixture is similar to that shown by the EDS given for the top right image. 
The intensity of microstructural damaged observed in NMLS/95/oftw (1.62% expansion) of 
Figure 10 is similar to that of LS/95/oftw (1.7% expansion) given in Figure 7. When LiNO3 
was admixed into NMLS/95/oftw, it can be seen in Figure 11 that although there was some 
microcracking and ettringite infilling of these cracks, the intensity of microstructural damage 
was highly diminished compared to that observed in absence of LiNO3 (Figure 10). These 
observations are consistent with expansions given in Figure 4, which indicates that while both 
systems NMLS/95/oftw and NMLSlx/95/oftw showed expansion, the latter gave lower 
expansion of 0.6% as opposed to 1.62% for the former. These results indicate that while 
LiNO3 was effective in mitigating expansion of ASR-DEF in concrete, the dosage used was 
not sufficient to completely prevent expansion by the combined mechanisms. The EDS given 
in Figure 11 shows that the infilling in cracks consisted of ASR gel and ettringite 
intermixtures, similar to observations in Figure 10. 
Mapping of elements is also given in Figure 12 for the same location shown in Figure 11. 
Reactive aggregates are seen with high concentration of silica elements, most likely of 
reactive phase. Also, an infilling of ettringite within microcracks is evident in the element 
map for sulphur, basically showing a visible line along the ettringite-filled microcracking 
close to the reactive aggregate particle. 
EDS microanalyses were conducted on the ettringite product phases formed under heat-
treated and non-treated concretes, as shown in Figures 13 and 14 for DEF and DEF-ASR 
concretes, respectively. The ettringite analysed was mainly found as infilling in air pores or 
microcracks within the concrete. In the figures, Al/Ca and S/Ca ratios of ettringite product 
phase are plotted. It can be seen in Figure 13 that the non-expansive ettringite which formed 
in moist-cured concrete, LS/23oftw had Al/Ca and S/Ca ratios of 0.2 - 0.3 and 0.25 – 0.40 
respectively. Upon heat treatment of the concrete, it is evident that the late ettringite or DEF 
formed is quite different, showing lower values of Al/Ca = 0.10 – 0.15 and S/Ca = 0.1 – 0.2. 
It is known that during heat treatment, the sulphate and alumina released by destruction of the 
early-age ettringite formed during cement hydration, is taken up into the CSH. Al2O3 is 
considered to be permanently incorporated into the CSH structure but sulphate is only 
adsorbed by CSH [28]. Later under moist conditions, these sulphate ions are slowly released 
from CSH back into pore solution, where they encounter monosulphate and react to form late 
or delayed ettringite. Based on this process, it can be expected that delayed ettringite would 
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exhibit lower Al/Ca and S/Ca ratios than normal ettringite. Indeed the results given in Figure 
13 show that the delayed ettringite had lower ratios than the normal ettringite formed in non-
expansive concretes. However, the use of lithium salts in these cementitious systems 
introduces new or different reaction kinetics. 
It is interesting to note in Figure 13 that the mixtures containing LiNO3 (LSlx/95/oftw) 
had similar Al/Ca and S/Ca ratios as the moist-cured concretes. These observations suggest 
that in the lithium-admixed concrete, the sulphate and alumina were not majorly incorporated 
or adsorbed into CSH during heat treatment of the mixtures. Instead, these ions possibly 
remained largely within the pore solution. Secondly, if there was no uptake of sulphate and 
Al2O3 into the CSH, then it would suggest that lithium ions were instead taken up into CSH 
in preference over sulphate and Al2O3, in a similar way lithium ions are preferentially 
adsorbed over the alkalis, Na and K (Section 1.2). However, this process alone does not 
account for mitigation of expansion, as DEF could form much earlier and strongly under such 
conditions considering that the sulphate and Al ions could remain temporarily free within the 
pores under elevated temperatures, and then quickly re-form ettringite when normal 
temperature and moisture conditions are restored. It therefore appears that some of the 
lithium ions that remain in the pore solution may participate in forming a modified ettringite 
product, that would be less or non-expansive. It is postulated that lithium ions may replace Ca 
in delayed ettringite, in a similar way it replaces Ca in ASR gel product. This lithium-
modified delayed ettringite formed is non-expansive, leading to mitigation of DEF expansion. 
In ASR-DEF concrete mixtures, plots of Al/Ca and S/Ca ratios shown in Figure 14, 
indicated no identifiable pattern of much use, presumably due to intermixtures of ASR gel 
and ettringite.  Accordingly, no attempts are made to use these results at this point as further 
advanced analytical studies such as FTIR or NMR may be needed for these mixtures.   
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Figure 1. Mass change in DEF expansive mixtures 
 
 
 
Figure 2. Mass change in ASR-DEF expansive concretes 
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Figure 3. Long-term mitigation of expansion by LiNO3 in concretes containing DEF  
 
 
 
Figure 4. Long-term mitigation of expansion by LiNO3 in concretes containing both DEF and ASR 
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LS/23/oftw, 0.04% expansion at 6yrs 
 
NMLS/23/ovw, 0.1% expansion at 6yrs 
 
LS/95/oftw, 1.7%  expansion at 6yrs 
 
NMLS/95/ovw, 1.62% expansion at 6yrs 
 
LSlx/95/oftw, 0.03% expansion at 1yr 
 
NMLSlx/95/ovw, 0.67% expansion at 6yrs 
 
Figure 5. Concrete prisms 75 x 75 x 285 mm after long-term storage lasting 6 years under moist conditions 
 
 
 
 
 
Cracks 
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Figure 6. BSE images of non-heat cured concretes LS/23/oftw made from non-reactive limestone aggregates 
showing infilling of pores by non-expansive ettringite. Also shown is EDS spectrum of ettringite, taken at a 
point marked with rectangle at top left image.  
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Figure 7. BSE images of concretes made from non-reactive limestone aggregates and heat-cured at 95oC. 
The micrographs show severe microcracking and massive infilling by expansive ettringite (LS/95/oftw). The 
EDS spectrum is for ettringite infilling, taken at a point marked with rectangle at top right image. 
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Figure 8. BSE images of same concretes of Figure 7 but in this case, the mixture was admixed with lithium 
nitrate. The micrographs show formation of non-expansive ettringite (LSlx/95/oftw), as confirmed by EDS 
spectrum taken at a point marked with rectangle at top right image. 
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Figure 9. BSE and SE images of non-heat cured concretes containing reactive Placitas coarse aggregates 
showing microcracked aggregates (NMLS/23/oftw). Also shown is EDS spectrum, taken at a point marked 
with rectangle at top right image. 
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Figure 10. BSE images of concretes made from reactive Placitas aggregates and heat-cured at 95oC. The 
micrographs show intense microcracking, massive infilling by expansive ettringite and intermixtures with ASR gel 
(NMLS/95/oftw). The EDS spectrum shows gel /ettringite intermixture, taken at a point marked with rectangle at the 
top right image. 
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Figure 11. BSE images of same concretes of Figure 10 but in this case, the mixture contained admixed 
lithium nitrate.  The micrographs show formation of some ASR and some expansive ettringite but less 
intense microcracking or microstructural damage (NMLSlx/95/oftw). The EDS spectrum of gel/ettringite 
intermixture was taken at a point marked with rectangle at the top right image. 
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Figure 12. Elemental mapping of top left image of Figure 10 examining potential reactive aggregate phases 
and reaction products (NMLSlx/95/oftw) 
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Figure 13. EDX microanalysis of ettringite in DEF expansive concretes containing no ASR  
 
 
Figure 14. EDX microanalysis of ettringite in ASR-DEF expansive concretes  
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4. Conclusions 
 
Microscopic analysis was conducted to study the influence of lithium nitrate as an additive 
which may be effective in mitigating delayed ettringite formation (DEF). The concretes 
studied contained DEF only or simultaneous ASR-DEF mechanisms.    
In concretes containing simultaneous presence of both ASR and DEF, it was observed that 
ASR occurred earlier than DEF. In plain heat-cured concretes, DEF showed manifestation of 
severe distress characterized by a network of microcracks formed within the mortar matrix 
and at surfaces of aggregates. In these expansive systems, these microcracks contained 
massive ettringite infilling oriented perpendicular to the crack walls, which is indicative of 
exertion of expansive pressure. In the moist-cured concretes, there were no observations of 
significant microcracking and ettringite was mainly observed in existing air pores.   
The DEF expansive mixtures in which lithium nitrate was incorporated, showed 
significantly diminished internal stress, exhibiting less intense microcracking and ettringite 
infilling, which is consistent with the observed control of expansion. It is postulated that the 
ettringite formed in these mixtures could be the lithium-bearing, non-expansive type. 
Microanalysis involving plots of Al/Ca and S/Ca ratios, shows that the ettringite formed in 
heat-cured DEF expansive concretes admixed with lithium nitrate, was similar to that formed 
in moist-cured concretes. Again, these observations suggest that the use of lithium nitrate in 
expansive cementitious systems leads to formation of non-expansive ettringite, which may be 
lithium-bearing. This may explain the effectiveness of this additive in controlling DEF. 
However, further investigations are needed to fully examine these postulations, in relation to 
the mechanism of control of DEF by lithium salts. 
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